ABSTRACT
INTRODUCTION
Numerous methods have been evaluated on diploid species for the allelic discrimination of single-nucleotide polymorphisms (SNPs). Among others, they include allele-specific PCR (3, 19) , oligonucleotide ligation (16, 20) , nick translation PCR (18) , allele-specific hybridization (4, 28, 30) , serial invasive signal amplification reaction (11) , T m -shift genotyping (7), pyrosequencing (1, 2, 21) , and minisequencing (14) . However, no single method for scoring SNPs in diploid genomes has been widely accepted (29) , and documented studies of their applicability to polyploid organisms are lacking. In contrast with diploid genomes, the ratio of SNP alleles can vary in polyploid genomes. In tetraploids, for instance, five allelic ratios are distinguishable: 4:0, 3:1, 2:2, 1:3, and 0:4. The exact determination of allele frequency in individuals and, eventually, in populations is essential in association studies; therefore, the quantitative accuracy of genotyping is critical.
The present study demonstrates that pyrosequencing can reliably distinguish the five different allelic states of a binary SNP in tetraploid potato, provided that the ratio of incorporated nucleotides does not exceed a ratio of 1:10 as noted previously (25) (26) (27) . Finally, the quantitative precision of pyrosequencing was compared with that of conventional dyeterminator cycle sequencing and singlenucleotide primer extension in combination with completely denaturing HPLC (DHPLC).
MATERIALS AND METHODS

Sequences and Plant Material
The SNPs 44/114, 44/174, and 66/212 had been identified by comparative Sanger DNA sequencing of the two potato cultivars, Leyla and Nikita (Rickert et al., unpublished data). Genotyping was carried out in the parents and 52 F1 plants of a cross between Leyla and Nikita that had been provided by SAKA-RAGIS Pflanzenzucht GbR, Windeby, Germany. Genomic DNA was extracted with the DNeasy ® Plant Maxi Kit (Qiagen, Valencia, CA, USA). The DNA concentrations were measured with the PicoGreen ® dsDNA Quantitation Kit (Molecular Probes, Eugene, OR, USA) and diluted to 50 ng/ µ L.
PCR and Primers
All primers were designed using the program Oligo version 4.0 (Molecular Biology Insights, Cascade, CO, USA) and were purchased from Invitrogen (Carlsbad, CA, USA). For pyrosequencing, fragment 44 (216 bp), which contains SNPs 44/114 and 44/174, was amplified with the unlabeled primer 44-F and the 5 ′ -biotinylated primer 44-Rbiotin (Table 1) . Fragment 66 (270 bp), which contains SNP 66/212, was pyrosequenced on both the sense and the antisense strands, and, accordingly, either the reverse or the forward amplimer was labeled with biotin. Unlabeled primers were used to amplify the same fragments in preparation for conventional and single-nucleotide extension sequencing, respectively. The amplifications were performed in a GeneAmp ® PCR System 9700 Thermal Cycler (Applied Biosystems, Foster City, CA, USA). Each 50-µ L PCR contained 10 mM Tris-HCl, pH 8.3, 50 mM KCl, 1.5 mM MgCl 2 , 10 pmol each primer, 0.2 mM each dNTP, 1.5 U AmpliTaq Gold ® DNA polymerase (Applied Biosystems), and 50 ng ge -nomic DNA. The thermal cycling protocol comprised an initial denaturation at 95°C for 5 min to activate AmpliTaq Gold, 50 cycles of 30 s at 94°C, 45 s at 56°C, and 1 min at 72°C, followed by a final 8-min extension at 72°C. PCR products were analyzed by 2% agarose gel electrophoresis.
Pyrosequencing
We used the multi-magnet PSQ™ 96 Sample Prep Tool (Pyrosequencing AB, Uppsala, Sweden) for transferring the immobilized samples during post-PCR sample preparation. Biotin-labeled PCR products were immobilized on streptavidin-coated paramagnetic beads (Dynabeads ® M-280; Dynal AS, Oslo, Norway) by mixing 25 µ L of the PCR with 12 µ L Dynabeads (10 µ g/ µ L) and 37 µ L 2 ×binding-washing buffer (0.05% Tween ® 20, 0.5 mM EDTA, 1 M NaCl, 5 mM Tris-HCl, pH 7.6). The samples were incubated at 65°C for 20 min under constant agitation using a thermal mixer (Thermomixer ® ; Eppendorf AG, Hamburg, Germany). The samples were then washed for 1 min in 50 µ L 0.5 M NaOH. They were released and recaptured once in 100 µ L 1 ×annealing buffer (20 mM Tris-acetate, 5 mM magnesium acetate, pH 7.6). Subsequently, the immobilized templates were transferred to 40 µ L 1 × annealing buffer plus 5 µ L sequencing primer (20 pmol in water). For primer annealing, the samples were heated at 80°C for 2 min using the GeneAmp 9700 thermal cycler. After equilibration to room temperature, the sequencing reaction was performed.
Solid-phase pyrosequencing was carried out in the automated 96-well PSQ 96 system. Its major components are a microplate-rotating mechanism, a disposable inkjet cartridge for the precise delivery of small volumes (200 nL) of the reagents, a cooled charged-coupled device (CCD) camera, data acquisition modules, and a PC interface. Before sequencing, we loaded the cartridge with the reagents and each of the four nucleotides (SNP Reagent Kit; Pyrosequencing AB). Finally, the PSQ 96 Plate that contained the primed DNA templates was placed on the plate-rotating socket. During the run, nucleotides were added, following a sequence-specific dispension protocol suggested by the manufacturer and given in the figure legends. For some SNPs, we evaluated the influence of single-stranded DNA binding (SSB) protein on pyrosequencing by adding 0.5, 1.0, and 1.5 µ g SSB (Amersham Biosciences, Piscataway, NJ, USA) to the primed target immediately before the pyrosequencing reaction.
In pyrosequencing, the intensity of a light signal is directly proportional to the number of nucleotides incorporated. This information is presented in pyrograms. We used a new program (Peak Height Determination Prototype SW; Pyrosequencing AB) to convert the peak heights of the two polymorphic bases into percent.
Single-Nucleotide Primer Extension and DHPLC
To remove unincorporated primers and dNTPs, 10 µ L PCR products were incubated as described previously (13) with 1 U each shrimp alkaline phosphatase (Amersham Biosciences) and exonuclease I (Invitrogen) at 37°C for 30 min, after which the enzymes were deactivated at 80°C for 15 min. The extension reactions were carried out in a 20-µ L volume containing 50 ng input PCR product, 50 µ M of the appropriate ddNTPs, 20 pmol FAM-labeled extension primer, and 0.5 U Thermo Sequenase ™ DNA polymerase (Amersham Biosciences) in the buffer provided by the manufacturer. The reaction was performed in a thermal cycler with an initial denaturation step of 2 min at 95°C, followed by 50 cycles at 95°C, 43°C, and 60°C for 8 s each. At the end of thermal cycling, the reaction was heated to 96°C for 30 s and placed immediately on ice. Extension products and unextended primer were resolved on a monolithic poly(styrene-divinylbenzene) capillary column (i.d., 50 ×0.2 mm) and detected by laser-induced fluorescence on a recently described HPLC instrument (32) . It has been shown that it is necessary to calibrate each extension reaction using a known heterozygote with equal allele ratio to correct for the typical non-equal representation of alleles in single-nucleotide extension reactions. This representation is caused by the differential efficiency with which polymerase incorporates different nucleotides (12) . In the absence of a potato DNA sample known from sequencing to contain alleles at equal ratio, two single-stranded oligonucleotide templates that represent the two alleles of interest were synthesized and mixed at an equimolar ratio to determine the correction factor.
Dye-Terminator Cycle Sequencing
Unlabeled products were purified enzymatically as described earlier. Using the amplimers as sequencing primers, we sequenced both strands according to the BigDye ® chemistry reaction protocol (Applied Biosystems). Each cycle-sequencing reaction contained 3 µ L purified PCR product, 4 µ L dye-terminator reaction mixture, 0.9 µ L primer (10 µ M), and 5.6 µ L water. Cycle sequencing was started at 96°C for 10 min, followed by 30 cycles of 96°C for 10 s, 50°C for 5 s, and 60°C for 4 min. We purified the cycle-sequencing reactions using Centrifex ™ gel filtration cartridges (Edge BioSystems, Gaithersburg, MD, USA) and analyzed them on an ABI P RISM ® 3700 sequencer (Applied Biosystems).
RESULTS AND DISCUSSION
The principle of pyrosequencing is based on the detection of de novo incorporation of nucleotides (22, (25) (26) (27) . The incorporation process releases pyrophosphate (PP i ), which starts a cascade of enzymatic reactions that leads to the generation of visible light proportionally to the number of incorporated nucleotides ( Figure 1 ). In contrast with single-nucleotide extension sequencing, it is unnecessary for the primer to anneal immediately adjacent to the polymorphic nucleotide site. In the present study, the 3 ′ -terminal base of the sequencing primers annealed next to (SNP-44/114 and SNP-66/ 212as) or three (SNP-66/212s) or four bases (SNP-44/174) away from the polymorphic site. However, this flexibility in primer design is offset partly by the requirement to avoid any hairpin or dimer formation of the primer because the pyrosequencing reaction is performed at 28°C due to the thermal instability of luciferase. The same consideration also applies to the template and may affect the ability to genotype a given polymorphic site. In our hands, pyrosequencing failed to generate interpretable results in 15 of 94 (16%) unselected polymorphic sites because of the aforementioned reasons, while the presence of paralogs caused two additional failures. Overall, 77 of 94 (82%) polymorphic sites could be genotyped successfully. This compares favorably to other large-scale genotyping studies of SNPs in human (6, 31) and Arabidopsis thaliana (5) using either hybridization to a high-density oligonucleotide tiling array (5,31) or singlenucleotide extension in combination with hybridization to a generic tag array (6) . In those studies, robust scoring was obtained for 60%-80% of the SNPs tested.
For all three SNPs shown in the present study, genotypes could be determined unequivocally in 99% of all reactions in the two parents and in the 52 individuals of the F1 generation. The reproducibility of pyrosequencing was evaluated by seven repeat measurements of all five possible genotypes of SNP-44/114 ( Table 2 ). The percent distribution of the two alleles in case of the three heterozygous states could be reproduced with a mean relative standard deviation of 3.6%, with a range of 1.5%-9.1%. These values are similar to the mean standard deviation of ± 1.4 (90% confidence interval, 1.2-1.8) reported recently for 10 repeated measurements of five reference samples with allele ratios ranging from 0.18 to 9.0 by means of primer extension and DHPLC (9) . The percent distribution of alleles, when determined in pools of 32, 64, 84, 96, and 112 chromosomes, respectively, differed from the distribution calculated on the basis of individual analyses by 0.1%-8.1% (data not shown). The discrepancy in allele frequency estimation between individual and pooled genotyping was, when compared with SNP-44/174, an average 2.7-fold larger for SNP-44/114. The most likely explanation is that the polymorphic site of SNP-44/114 (a C →T transition) is followed by a second C (Figure 2 ). Consequently, in addition to any C of the polymorphic site, four additional Cs will be incorporated, bringing the totals to 4, 5, 6, 7, and 8 Cs, respectively, for the genotypes TTTT, TTTC, TTCC, TCCC, and CCCC. Table 2 shows that the standard deviations tend to increase the more the allele ratio deviates from 1. However, the accuracy is still sufficient to call all five possible allelic states.
Pyrosequencing was subsequently compared with single-nucleotide extension sequencing combined with DHPLC to separate the two fluorescent dye-labeled extension products from each other and from the unextended primer. DHPLC, typically performed at temperatures greater than or equal to 70°C, allows the resolution of isomeric extension products even when they differ only in a single base (12, 23) . Figure  2 shows that the incorporation of ddTTP causes a significantly greater increase in retention than that of ddCTP. In the case of a heterozygote that carries both alleles of a SNP with equal frequency, one would expect that the chromatographic peak heights or areas of the two extension products would be equal. However, as can be seen in Figure 2 , the height of the extension product of the T allele is (by a factor of 1.37) greater than that of the C allele. This is in accordance with a previous report on nine human SNPs (12). On no occasion was the expected allele ratio of 1 observed. Instead, allele ratios varied from 0.87 to 2.05; even identical SNP alleles embedded in different sequences yielded significantly different ratios. Fortunately, such differences are reproducible for a given SNP and, therefore, can be corrected. They can be caused by differences in efficiency with which the DNA polymerase incorporates ddNTPs (10) and/or differential PCR amplification of alleles (17) . The latter could be excluded as a cause in the present study. For several SNPs, the deviation in allele ratio was identical whether a heterozygous PCR product or two synthetic oligonucleotides that represented the two alleles and mixed at an equimolar ratio were used as tem-R e searchR e po r t According to the pre-specified dispension scheme, nucleotides were added as indicated on the x-axis (GTCGA). The two Gs were included automatically in the dispension to confirm the specificity of the sequencing reaction, with the first G corresponding to the 3′-terminal base of the sequencing primer. The background of the enzymatic reaction is assessed by the mere addition of enzyme cocktail (E) to the sample. The substrate (S) mixture containing APS and luciferin is added before the first addition of nucleotide to remove any contaminating PP i present in the sample or enzyme mixture. DHPLC of single-nucleotide extension reactions: column, monolithic poly(styrene-divinylbenzene) (i.d., 60 × 0.2 mm); mobile phase, 100 mM triethylammonium acetate, pH 7.0; gradient, 6.75%-8.00% acetonitrile in 5 min; flow rate, 2.4 µL/min; temperature, 72°C; detection of the FAM-labeled extension primer (EP) and its single-nucleotide extension products (EP+C and EP+T) was accomplished by argon ion laser-induced fluorescence detection, with emission monitored at 525 nm; injection volume, 1 µL.
TTTC heterozygote were 68% T and 32% C, while they were 28% T and 72% C in the case of the TCCC heterozygote. This discrepancy was also observed in a larger analysis of 21 TTTC heterozygotes that yielded corrected frequencies of 70.3 ± 3.8% (mean ± SD ) and 29.7 ± 3.8% for alleles T and C, respectively ( Table 3) . The corresponding values for six CCCT heterozygotes were 67.7 ± 1.1% and 32.3 ± 1.1% for alleles C and T, respectively. Interestingly, very similar estimates were obtained for the same samples using pyrosequencing (Table 3) . Only dye-terminator sequencing yielded allele frequency estimates that were closer to the ones expected (Table 3 ). This was particularly true when the estimates were obtained from combined peak height measurements performed on both the forward and reverse strand sequencing trace. Accuracy decreased markedly when we used only the sequencing trace of the forward or reverse strand. Similar to single-nucleotide extension sequencing, it proved beneficial in conventional sequencing to correct the measured peak heights in the sequencing traces for the unequal incorporation of nucleotides. The three methods were also employed for the genotyping of two pools of F1 plants that differed in phenotype and contained different ratios of the SNP-44/114 alleles. Based on individual genotyping results obtained by pyrosequencing and subsequently confirmed by single-nucleotide extension, the two pools of F1 plants were to contain the alleles C and T at ratios of 0.41:0.59 and 0.37:0.63, respectively. The three methods yielded very similar results that deviated in absolute values between 3.4% and 6.0% from the expected allele frequencies. The discrepancy between individual and pooled genotyping data was somewhat greater than the 0%-3.6% reported recently for human SNPs in pools of varying size (8, 11) . For the first pool (41.1% C and 58.9% T), the frequencies of alleles C and T, as determined by pyrosequencing, single-nucleotide extension, and conventional sequencing were 46.3%/ 53.7%, 44.5%/55.5%, and 45.3%/ 54.7%, respectively. This means that single-nucleotide extension came closest to the expected ratio, while pyrosequencing was off the most. In the case of the second pool (37.0% C and 63% T), pyrosequencing performed the best, while conventional sequencing performed the worst. The frequencies of alleles C and T, as determined by the three methods (same order as above), were 41.1%/58.9%, 42.3%/57.7%, and 43.0%/57.0%, respectively. Great care was taken in preparing the pools. Nevertheless, it cannot be excluded that at least part of the discrepancy between the expected and real allele frequencies were due to errors during the quantitation and mixing of the DNA samples. However, the data also seem to indicate that the different DNA polymerases used in the three assays (Klenow in pyrosequencing, Thermo Sequenase in single-nucleotide extension, and AmpliTaq ® Polymerase FS in conventional sequencing) exhibit very similar differential efficiencies of incorporation of the two alleles. The differential PCR amplification of the alleles as a source of error is unlikely because we have observed similar deviations from the expected allele ratio using synthetic template for pyrosequencing and singlenucleotide extension (data not shown). Regarding the cost of genotyping 96 samples, single-nucleotide extension (approximately $180, using unlabeled extension primer) is approximately half as expensive as pyrosequencing (approximately $360), while conventional sequencing costs $800-$1500, depending on whether only one or both strands are being sequenced. In pyrosequencing, the biotinylated HPLC-purified primer that is used for immobilizing the PCR product to prepare a single-stranded template contributes about 60% to the total cost of the assay. Hence, cost per genotype drops with increasing the number of samples analyzed. However, the same argument also applies to single-nucleotide extension.
SNP-66/212 provided an interesting test case for evaluating the accuracy of R e searchR e po r t pyrosequening an SNP that contains an allele that is succeeded by two or more nucleotides of the same kind. Accurate genotyping of SNP-66/212 failed repeatedly when performed on the sense strand. Because the polymorphic T is part of a homooligomer of three Ts [GC(AT)TT], the peak height of T is the sum of the eight Ts at the two nonpolymorphic sites and the number of Ts in the SNP. Pyrosequencing only succeeded to determine the correct allele ratio as determined previously by conventional dideoxy sequencing in the cases of the AAAA and AAAT genotypes. In the case of the AATT genotype (Figure 3a) , after the subtraction of the 8 Ts from the two nonpolymorphic sites, the software calculated a percent distribution of 87.7% A and 12.3% T, instead of the expected 50% A and 50% T. Since α -thio-ATP used in pyrosequencing yields generally a signal 20% higher than those of the other three nucleotides (8), the peak height for A should be reduced accordingly. However, even the corrected values (70.2% A and 29.8% T) suggest an AAAT rather than the actual AATT genotype. Further, it was impossible to distinguish the genotypes AAAT and AAAA ( Figure 3, b and c) . In both instances, the instrument's software calculated allele frequencies from 100% A to 0% T. It is important to note that the failure of determining the correct allele frequencies is not caused by an inadequacy of the software supplied with the instrument. An analysis of the pyrograms by eye yielded the same results. It is rather a consequence of the limited dynamic range of pyrosequencing that does not extend over one order of magnitude for reasons that are not understood. Therefore, accurate genotyping by pyrosequencing is unfeasible when the ratio of two alleles exceeds 1:8. However, the five possible genotypes of SNP-66/212 could be genotyped unambiguously on the antisense strand. In this case, the sequencing primer could be designed so that the terminal base at the 3 ′ end annealed directly adjacent to the polymorphic site [(TA)GC]. Of 94 SNP loci tested, 18 yielded pyrograms of insufficient quality to assess the allele ratio with the standard protocol. It has been reported that the addition of 0.5 µ g SSB to the primed template improves the read length in pyrosequencing (24) . Therefore, we added increasing amounts of SSB (0.5, 1.0, and 1.5 µ g, respectively) to all pyrosequencing reactions that had failed previously. Only in one case, SNP-121/289, did we observe a clear improvement in the quality of the readouts, with the degree of improvement depending on the amount of SSB added (Figure 4 ). It has been hypothesized (24) that SSB displaces apyrase from DNA, and, consequently, nucleotide degradation becomes more efficient (Figures 1 and 4) . This is corroborated by the significant reduction in tailing of the peaks in the pyrograms.
In conclusion, all three methods evaluated in the present study have proven sufficiently quantitative to allow discrimination between the five possible allelic states of an SNP in a tetraploid genome. Although the unequal incorporation of nucleotides has been observed in pyrosequencing, its degree is far less than that of single-nucleotide extension, where incorporation efficiencies may differ by as much as a factor of two (12) . Therefore, pyrosequencing allows the determination of the different allelic states with great confidence, even when a heterozygous control with an allele ratio of 1 is unavailable. Pyrosequencing is significantly more expensive than single-nucleotide extension sequencing in combination with DHPLC. This is mainly because of the need for a biotinylated PCR primer for subsequent preparation of single-stranded template for the pyrosequencing reaction. Its cost R e searchR e po r t For the latter two methods, a factor kwas calculated on the basis of the ratio of peak heights obtained for a 2:2 heterozygous individual to correct for the unequal incorporation of alleles. a For conventional dye-terminator sequencing, we performed only four sequencing reactions, two each on the forward and reverse strands of the same DNA sample. For pyrosequencing and single-nucleotide extension, reactions were carried out on the reverse strand only for the number of DNA samples given in parentheses after the genotype tested. A. According to the pre-specified dispension scheme, nucleotides were added as indicated on the x-axis (AGCTA). The first A and T, the fourth nucleotide added, were included in the dispension to confirm the specificity of the pyrosequencing reaction. The pyrograms were obtained from four pyrosequencing reactions performed on the same homozyous GGGG potato with increasing amounts of SSB (0-1500 ng). The improvement in quality can be clearly seen. The pyrograms obtained in the absence of SSB (a) and in the presence of only 500 ng SSB (b) seem to indicate erroneously a heterozygous genotype of GGGC. Also notice the vanishing signals of the negative control nucleotides with the addition of increasing amounts of SSB. ing techniques for which published data on large sets of SNPs are available. In practice, when an SNP is not amenable to genotyping with a particular method and cannot be replaced with another equally informative SNP, only a combination of technologies will ever succeed in scoring reliably all SNPs of interest. The choice of the primary method will vary from study to study and depends, among other things, on the number of SNPs and individuals to be genotyped, the ploidy of the genome, the availability of instrumentation, expertise, and appropriate controls, and the demand for individual versus pooled genotyping.
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